Background Aflibercept, a recombinant fusion protein binding VEGF-A, VEGF-B and placental growth factor, inhibits tumor growth by blocking angiogenesis. The aim of this phase I dose-escalation study was to determine the recommended phase II dose (RP2D) of aflibercept in combination with S-1 in Japanese patients with solid tumors. Patients and methods Sequential cohorts of 3-6 patients with metastatic or unresectable solid tumors, who had failed at least one prior line of standard treatment or who were not suitable for such treatment, were to receive escalating doses of aflibercept every 2 weeks, starting at 2 mg/kg, combined with S-1 at 40 mg/m 2 twice daily (80 mg/m 2 /day; 4 weeks on/2 weeks off). Dose-escalation was to be based on the incidence of doselimiting toxicity (DLT). Blood samples were collected for pharmacokinetic analysis. Results At the first dose level (aflibercept 2 mg/kg plus S-1) 1 of 6 patients experienced a DLT (grade 4 proteinuria). The aflibercept dose was consequently escalated to 4 mg/kg; 1 of 3 patients treated at this dose level had a DLT (grade 2 pleural effusion), and another patient experienced grade 3 reversible posterior leukoencephalopathy syndrome after the DLT assessment period. Additional patients were therefore enrolled into the first dose level to explore safety and tolerability. The study was subsequently terminated prematurely. The maximum tolerated dose was not reached and the RP2D was not determined in Japanese patients. Conclusions The tolerability and safety of aflibercept 2 mg/kg in combination with S-1 was confirmed in Japanese patients with advanced solid tumors.
Introduction
The process of angiogenesis plays a crucial role in tumor growth and metastasis [1] . New blood vessels from existing vasculature maintain a source of nutrition and oxygen for the tumor from the host. Although the mechanism of angiogenesis is complex, involving multiple signaling pathways, the proangiogenic cytokine, vascular endothelial growth factor A (VEGF-A), is of key importance [2] . VEGF-A is a homodimeric protein which binds to and activates two high-affinity receptors, VEGFR-1 (also known as FLT-1) and VEGFR-2 (also known as KDR) [3] . Furthermore, VEGF-A acts as a powerful mitogen for endothelial cells and increases vessel permeability very potently. Thus, VEGF-A promotes the formation of new vessels that are required for tissue growth [2, 3] .
VEGF-A has been reported to be overexpressed in several types of human cancer and associated with increased tumor vascularity, proliferation, progression, invasion, metastasis, and poor prognosis [4, 5] . Therefore, VEGF-A is a major target for anti-angiogenic therapy. Clinical studies with bevacizumab, an anti-VEGF-A antibody, have shown that targeting this growth factor is effective for the clinical management of metastatic colorectal cancer (mCRC) [6, 7] , advanced non-small cell lung cancer [8] , metastatic renal cancer [9, 10] , and glioblastoma multiforme [11] .
Aflibercept (also known as ziv-aflibercept in the United States; aflibercept beta in Japan) is a soluble, decoy receptor construct which incorporates the second immunoglobulin (Ig)-like domain of VEGFR-1 joined to the third Ig-like domain of VEGFR-2, which are fused to the Fc portion of human IgG1 [12, 13] . This construction allows aflibercept to bind all isoforms of VEGF-A at subpicomolar affinity levels [14] . In addition, aflibercept also binds two more growth factors, placenta growth factor (PlGF) and VEGF-B [15] . Data from patient-derived colorectal cancer xenograft models have shown aflibercept to exhibit greater antitumor activity than bevacizumab [16] . The VELOUR study, a large randomized, placebo-controlled, phase III trial, demonstrated that addition of aflibercept to infusional 5-fluorouracil (5-FU), folinic acid and irinotecan (FOLFIRI) significantly improved overall survival compared with placebo plus FOLFIRI in patients with mCRC previously treated with an oxaliplatin-containing regimen [17] . Aflibercept was administered intravenously in this study, which enrolled predominantly Caucasian patients, at a dose level of 4 mg/kg every 2 weeks. A phase I study has demonstrated that FOLFIRI plus aflibercept at a dose level of 4 mg/kg every 2 weeks has a manageable toxicity profile, pharmacokinetic (PK) parameters consistent with findings in Caucasian patients, and promising efficacy in Japanese patients with mCRC previously treated with at least one chemotherapy regimen [18] .
Preclinical assessment of aflibercept with 5-FU in tumorbearing mice showed that the combination was synergistic and that there was no overlap in host toxicity (Sanofi, data on file). S-1 is an oral fluoropyrimidine formulation including tegafur, a p r o d r u g o f 5 -F U ; g i m e r a c i l ( 5 -c h l o r o -2 , 4dihydroxypyridine [CDHP]), an inhibitor of 5-FU catabolism; and oteracil, which decreases 5-FU activation in the gut, thereby reducing gastrointestinal toxicity.
The primary objective of this phase I dose-escalation study was to determine the recommended phase II dose (RP2D) of aflibercept that could be safely administered intravenously once every 2 weeks in combination with S-1 in Japanese patients.
Materials and methods

Study population
Patients aged ≥20 years, with a histologically or cytologically confirmed solid malignancy that was recurrent or unresectable, for which S-1 treatment had regulatory approval in Japan, were eligible for inclusion. They must also have had failure of at least one prior line of standard treatment or be unsuitable for standard care, an Eastern Cooperative Oncology Group (ECOG) performance status ≤2; adequate organ function (hemoglobin ≥9.0 g/dL; absolute neutrophil count ≥1.5 × 10 9 /L; platelets ≥100 × 10 9 /L; creatinine ≤1.0 x upper limit of normal (ULN) or creatinine clearance calculated according to the Cockroft-Gault formula ≥60 mL/min if between 1.0 to ≤1.5 x ULN; either proteinuria ≤500 mg/24 h or urine protein:creatinine ratio ≤1; aspartate aminotransferase and alanine aminotransferase ≤2.5 x ULN, total bilirubin ≤1.5 x ULN, and serum albumin ≥3.0 g/dL). All toxic effects of prior anticancer therapy, excluding alopecia, must have resolved to grade ≤1.
Exclusion criteria were: a diagnosis of squamous cell lung cancer; an anticipated need for a major surgical procedure or radiation therapy during the study; history of hypersensitivity to recombinant proteins, or fluoropyrimidines, including S-1 or severe drug allergy; treatment with chemotherapy, hormonal therapy, radiotherapy, surgery, blood products, or any investigational agent within the 28 days (42 days for nitrosourea agents, mitomycin C, or immunotherapy) prior to study enrollment; known dihydropyrimidine dehydrogenase deficiency; cumulative radiation therapy to >25% of the total bone marrow; uncontrolled hypertension defined as blood pressure (BP) >150/100 mmHg on at least two repeat determinations on separate days within 4 weeks prior to enrollment; severe cardiac, cerebral or gastrointestinal or thromboembolic events within 180 days prior to study entry; history of brain metastases, spinal cord compression, or carcinomatous meningitis, or new evidence of brain or leptomeningeal disease on screening computed tomography (CT) or magnetic resonance imaging (MRI) scan; peritoneal metastases clearly detectable by CT or MRI; malignant ascites requiring drainage; active infection, hepatitis C virus, hepatitis B virus surface antigen positive or on antiviral therapy for human immunodeficiency virus; clinically significant bleeding diathesis or underlying coagulopathy; administration of warfarin; pregnant or breast-feeding; prior treatment with an investigational product (prior treatment with S-1 was permitted, unless inclusion was inappropriate for safety reasons).
Study design
This was a dual-center, open-label, sequential-cohort dose-escalation study of aflibercept administered intravenously every 2 weeks in combination with S-1 in Japanese patients with advanced solid malignancies. The study was designed as a hybrid phase I study starting with single agent therapy proceeding to combination therapy, comprising an aflibercept single-agent 2-week run-in phase followed by a combination phase with S-1. The primary objective of the study was to determine the RP2D of aflibercept in combination with S-1 in Japanese patients. Secondary objectives included assessments of safety, dose-limiting toxicity (DLT), PK, antitumor activity and the immunogenicity of aflibercept.
The protocol was approved by the Institutional Review Boards at both participating centers and the study was conducted in accordance with the ethical principles laid out in the Declaration of Helsinki. All patients provided written informed consent prior to enrollment.
Drug dose and administration
The planned starting dose of aflibercept was 2 mg/kg every 2 weeks, based on previous studies in other populations. Two further dose levels were planned: 4 mg/kg every 2 weeks and 6 mg/kg every 2 weeks. Aflibercept was to be administered intravenously over 1 h according to the assigned dose level every 2 weeks. Cycle 1 extended over 8 weeks, with subsequent cycles being 6 weeks. In the first 2 weeks of cycle 1 (single-agent phase), patients initially received a single administration of aflibercept , and then from day 15, patients received aflibercept in combination with oral S-1 at 40 mg/m 2 twice daily (80 mg/m 2 /day), administered to day 42, followed by 2 weeks off. In subsequent 6-week cycles, S-1 was administered on days 1 to 28 (4 weeks on/2 weeks off) with aflibercept administered every 2 weeks. From the starting dose level of 2 mg/kg, sequential cohorts of 3-6 patients were to be treated at escalating dose levels of aflibercept, while the dose of S-1 was constant at 40 mg/m 2 twice daily. The study followed a standard 3 + 3 design and dose escalation was to be based on the occurrence of DLT (<33% of all evaluable patients at a particular dose level) during the first cycle. Intrapatient dose escalation was not permitted.
The maximum tolerated dose (MTD) was defined as the lowest dose level at which ≥33% of all evaluable patients experienced DLT in cycle 1. If the MTD was reached, then the highest dose level below the MTD would be the RP2D. The RP2D of aflibercept in combination with S-1 was to be therefore the highest aflibercept dose at which 0 of 3 or 1 of 6 (<33%) of all evaluable patients experienced DLT during the first cycle. To further explore the safety and preliminary efficacy profile of the RP2D, the cohort receiving RP2D was to be expanded by up to 10 additional patients. If the MTD was not reached, the highest dose level cohort was to be expanded by 7 additional patients to further explore the safety of the combination; the RP2D would subsequently be determined based on safety and PK data for all patients at that dose level.
Safety assessments and definition of DLT
Adverse events were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events version 3.0. Treatment-emergent adverse events (TEAEs) were defined as adverse events that were reported by the site investigator during the on-treatment period (from the start of treatment up to 30 days after the last dose of aflibercept). DLT was defined as any of the following events observed during the first treatment cycle: grade 3 or 4 neutropenia complicated by fever (≥38.5°C) or infection; grade 4 neutropenia persisting for at least 7 days; grade 4 thrombocytopenia, or grade 3 thrombocytopenia complicated by hemorrhage; any grade 3 non-hematological adverse event except fatigue, anorexia, nausea, vomiting, hyponatremia (unless these adverse events was subsequently judged to be DLTs by the Study Committee, considering their frequency, duration, or requirement for excessive supportive therapy); any grade 4 nonhematological toxicity; uncontrolled hypertension defined as systolic BP >150 mmHg or diastolic BP >100 mmHg (or > 180/90 mmHg if the patient had a history of pre-existing systolic hypertension) despite 4 weeks of medical management; urinary protein excretion of >3.5 g per day that does not recover to <2.0 g per 24 h within 2 weeks; symptomatic arterial thromboembolic events including cerebrovascular accidents, myocardial infarctions, transient ischemic attacks, new onset or worsening of pre-existing angina.
Efficacy assessment
Following a baseline evaluation by CT or MRI scans covering the head, chest, abdomen and pelvis, tumor response was assessed using the same method on day 15 and on day 42 of every treatment cycle beyond cycle 1. Tumor assessment was added to confirm a partial or complete response (4-6 weeks after initial documentation of response), whenever disease progression was suspected, and at the end of study treatment. Tumor response was evaluated according to Response Evaluation Criteria in Solid Tumors version 1.0 [19] .
Pharmacokinetics and immunogenicity
Blood samples (4.5 mL) for the analysis of plasma concentrations of free and VEGF-bound aflibercept were collected: before, at the end of, and 1, 3, 7 (day 1), 23, 29 (day 2), 47 (day 3) and 167 (day 8) hours after the end of the first infusion of aflibercept, and before administration on days 15, 29 and 42 during cycle 1 (predose). After cycle 2, blood samples were collected before each aflibercept infusion, and additionally 30 and 90 days after the last aflibercept administration. Free and VEGF-bound aflibercept levels in plasma were measured by a validated direct enzyme linked immunosorbant assay (ELISA). Concentrations of VEGF-bound aflibercept were expressed as free aflibercept equivalents (adjusted values) for PK analysis. The lower limit of quantification (LLOQ) was 31 ng/mL and 44 ng/mL (adjusted) for free and VEGFbound aflibercept, respectively.
Blood samples (5 mL) for measuring the plasma concentrations of S-1 related compounds (tegafur, including the active metabolite of tegafur, 5-FU, CDHP and oteracil) were taken before the start of aflibercept infusion on day 42 of cycle 1, 1 h after the start of the aflibercept infusion, and 2, 4, 8, 24 and 48 h after S-1 administration. The third administration of aflibercept during cycle 1 was administered on day 42 instead of day 43 in order to evaluate the pharmacokinetic interaction with S-1. Tegafur concentration was measured by high performance liquid chromatography and 5-FU, CDHP and oteracil concentrations were measured by gas chromatographynegative ion chemical ionization mass spectrometry (GC-NICI-MS). The LLOQ of tegafur, 5-FU, CDHP and oteracil in plasma was 10 ng/mL, 1 ng/mL, 2 ng/mL and 1 ng/mL, respectively.
PK parameters calculated included: area under the concentration versus time curve extrapolated to infinity (AUC); AUC from time 0 to the real time t last (AUC last ); AUC from time 0 to 336 h (AUC 0-336 ); AUC from time 0 to the end of the dosing period (AUC τ -336 h for aflibercept and 12 h for S-1); total body clearance (CL); total body clearance at steady state (CL ss ); maximum drug concentration observed (C max ); terminal half-life (t 1/2z ); first time to reach C max (T max ); and apparent volume of distribution at steady state (V ss ). PK parameters were calculated using noncompartmental analysis on a validated PK data management system using WinNonlin Professional, Version 5.2.1 (Pharsight).
To screen for the presence of aflibercept antibodies in serum, blood samples (4.0 mL) were collected predose on day 1 of every odd-numbered cycle, upon study withdrawal and 90 days after study treatment discontinuation. Antibody levels were measured using a validated ELISA method, with an LLOQ of 52.7 IU/mL.
Results
Patients
Thirteen Japanese patients (7 female) were enrolled. Baseline characteristics are summarized in Table 1 . The median age of the patients was 57 years, and all had an ECOG performance status of 0 or 1. The most common primary tumor sites were rectum (n = 6), colon (n = 4) and stomach (n = 2). The median number of lines of prior chemotherapy was 3 (range 2-5). Twelve patients were evaluable for DLT. One patient was not evaluable for DLT due to poor S-1 compliance. All 13 enrolled patients were evaluable for safety, PK and immunogenicity.
Evaluation of DLT
At the initial 2.0 mg/kg dose level, 1 DLT (grade 4 proteinuria/ nephrotic syndrome) was observed in 1 of the first 3 enrolled patients. Consequently, 3 more patients were enrolled at dose level 1. As no further DLTs occurred, the dose was increased to 4.0 mg/kg. Of the first 3 patients treated at this dose level, 1 patient experienced a grade 2 pleural effusion which was deemed to be a DLT by the Study Committee, considering the patient's overall medical condition (bilateral pleural effusion accompanied by uncontrolled BP, proteinuria, and peripheral edema). In accordance with the protocol, 3 additional patients should therefore have been enrolled at the 4.0 mg/kg dose level. However, after the DLT assessment period, another p a t i e n t d e v e l o p e d g r a d e 3 r e v e r s i b l e p o s t e r i o r leukoencephalopathy syndrome (RPLS), which would have been considered a DLT if the event had occurred during the DLT assessment period. The sponsor discussed this with the Efficacy and Safety Evaluation Committee. Since this was the first study to administer aflibercept in Japanese patients, the Efficacy and Safety Evaluation Committee recommended that full consideration should be given to DLT events even those occurring outside the DLT evaluation period. Responding to this recommendation, the sponsor amended the protocol to 
Safety and tolerability
All 13 treated patients experienced at least 1 TEAE; these were predominantly grade 1 or 2. Incidences for the most common TEAEs are summarized in 
Pharmacokinetics and immunogenicity
PK parameters of free and VEGF-bound aflibercept in cycle 1 after a single administration at 2 mg/kg or 4 mg/kg are summarized in Table 3 . PK parameters of free and VEGF-bound aflibercept at 2 mg/kg or 4 mg/kg in the presence of S-1 in cycle 1 on day 42 after repeated administrations are summarized in Table 4 . In the presence of S-1 (day 42), free aflibercept had a mean half-life of 5.05 and 4.28 days at 2 and 4 mg/kg, respectively, and the median maximum free aflibercept concentration was observed approximately 3 h post-dosing (2 h after the end of the infusion). In the absence of S-1 (day 1), free aflibercept had a mean half-life of 3.77 and 3.86 days at doses of 2 and 4 mg/kg, respectively, and the median maximum free aflibercept concentration was observed approximately 2 h postdose (1 h after the end of the first infusion). At the dose level of 2 mg/kg, free aflibercept was eliminated with a mean clearance of 0.759 L/day. In the presence of S-1, the mean clearance at steady state was similar, at 0.649 L/day. At the dose level of 4 mg/kg, free aflibercept was eliminated with similar clearances in the presence and absence of S-1. The volume of distribution at steady state was approximately 4 L across aflibercept dose levels regardless of the presence or absence of S-1. Mean free and VEGF-bound plasma concentrations on day 1 of cycle 1 for each dose level cohort are illustrated in Fig. 1 . Mean plasma concentration versus time profiles of free, adjusted-bound and total aflibercept on day 42 in cycle 1 after multiple dosing in the presence of S-1 are presented in Fig. 2 . The mean (± standard deviation) PK parameters of S-1 analytes (5-FU, CDHP, tegafur and oteracil) on day 42 after repeated twice daily oral administration of S-1 for two weeks are summarized in Table 5 . All 13 patients treated with aflibercept were evaluable for immunogenicity. Two out of 10 (20%) patients at the 2 mg/kg dose level and 1 out of 3 (33%) patients at the 4 mg/kg dose level were found to be positive for aflibercept antibodies both at baseline and post-baseline.
Antitumor activity
Eight of 13 patients (62%) had a best overall response of stable disease (SD), including 6 of 10 (60%) at the 2 mg/kg dose level and 2 of 3 (67%) at the 4 mg/kg level. The primary tumor sites for these 8 patients were rectum (n = 6), colon (n = 1) and stomach (n = 1). There were no patients with a complete response (CR) or partial response (PR). The median number of cycles with aflibercept administration per patient was 3.0 (range, 1 to 11) at the 2.0 mg/kg dose level and 1.0 (range, 1 to 2) at the 4.0 mg/kg dose level, with an aflibercept median relative dose intensity (RDI) of 0.903 (range, 0.71 to 1.01) at the 2.0 mg/kg dose level and 0.748 (range, 0.25 to 0.79) at the 4.0 mg/kg dose level. Median exposure to S-1 at aflibercept 2.0 mg/kg and 4.0 mg/kg dose levels were 3.0 (range, 1 to 11) and 1.5 (range, 1 to 2) cycles per patient with a median RDI of 0.771 (range, 0.60 to 0.95) and 0.763 (range, 0.73 to 0.80), respectively.
Discussion
The objective of the current study was to define a dose of aflibercept that could be safely administered with S-1 in Japanese patients with advanced solid malignancies for further investigation. The initial plan was that for sequential cohorts of 3-6 patients, the dose level of aflibercept would be escalated from a starting level of 2 mg/kg, while the dose level of S-1 was held constant at 40 mg/m 2 twice daily. However, because one of the first 3 patients treated at the second dose level of 4 mg/kg developed a DLT and another patient developed RPLS outside the DLT assessment period, we decided to reassess tolerability and safety at the 2.0 mg/kg dose level before proceeding to the 4.0 mg/kg dose level. Subsequently, this study was terminated by the sponsor in consideration of global development status of S-1 treatment for gastric cancer and the progress of this study. The MTD was therefore not reached in this study and a RP2D for aflibercept in combination S-1 in Japanese patients was not defined. However, based on the available data from patients enrolled at the initial dose level, we concluded that aflibercept 2 mg/kg given every 2 weeks in combination with S-1 was tolerable in Japanese patients. All 13 patients who were assessed for safety experienced at least 1 TEAE. Most of these TEAEs were manageable and predominantly of low grade except for grade 3 hypertension observed at in 6 (46%) of all 13 patients. Hypertension and proteinuria (seen at grade 3/4 in 2 [15%] of 13 patients) are commonly associated with anti-VEGF agents [20] . There were no treatment-related deaths. Serious TEAEs were observed in 4 (40%) and 1 (33%) patients at the 2 and 4 mg/kg dose levels, respectively.
A positive value in the anti-drug antibody (ADA) assay was detected in 3 patients (2 patients at the 2 mg/kg dose level and 1 patient at the 4 mg/kg dose level); these 3 patients also had a positive value for ADA at baseline. Although the reasons why patients were positive for ADA before aflibercept was administered are not obvious, this should be investigated before the use of aflibercept in Japanese patients is considered. However, our data suggest that aflibercept might not be highly immunogenic in Japanese patients because ADA did not appear after the administration of aflibercept. No major allergic reactions, such as anaphylactic shock, bronchospasm, generalized urticaria, or infusion related reactions were observed in this study. Plasma concentrations of free aflibercept and its associated PK parameters were unaffected by repeated dosing of aflibercept in the presence of S-1 at the 2 mg/kg dose level. PK parameters were comparable with those previously reported in a Western population with advanced solid tumors or non-Hodgkin's lymphomas receiving treatment with aflibercept [21] . The limited data at an aflibercept dose of 4 mg/kg, followed the same trends as those for 2 mg/kg, however, obtained data was insufficient to draw firm conclusions on dose response.
In terms of efficacy, 6 patients at the 2 mg/kg dose level and 2 patients at the 4 mg/kg dose level had SD as a best overall response. There were no CRs or PRs at either dose level in this heavily pretreated population. The limited efficacy observed in this study may be attributed to the low aflibercept dose administered to most patients.
In conclusion, though the MTD was not reached for aflibercept in combination with S-1 in Japanese patients since the study was terminated prematurely, the tolerability and safety of aflibercept at the 2 mg/kg dose level in combination with S-1 was shown, based on DLT incidence and the overall safety profile.
